Purpose: Generally, high-resolution MRI of the eye is performed with small loop surface coils. The purpose of this phantom and patient study was to investigate the influence of magnetic field strength and receiver coils on image quality in ocular MRI. Materials and Methods: The eyeball and the complex geometry of the facial bone were simulated by a skull phantom with swine eyes. MR images were acquired with two small loop surface coils with diameters of 4 cm and 7 cm and with a multi-channel head coil at 1.5 and 3 Tesla, respectively. Furthermore, MRI of the eye was performed prospectively in 20 patients at 1.5 Tesla (7 cm loop surface coil) and 3 Tesla (head coil). These images were analysed qualitatively and quantitatively and statistical significance was tested using the Wilcoxon-signed-rank test (a p-value of less than 0.05 was considered to indicate statistical significance). Results: The analysis of the phantom images yielded the highest mean signal-to-noise ratio (SNR) at 3 Tesla with the use of the 4 cm loop surface coil. In the phantom experiment as well as in the patient studies the SNR was higher at 1.5 Tesla by applying the 7 cm surface coil than at 3 Tesla by applying the head coil. Concerning the delineation of anatomic structures no statistically significant differences were found. Conclusion: Our results show that the influence of small loop surface coils on image quality (expressed in SNR) in ocular MRI is higher than the influence of the magnetic field strength. The similar visibility of detailed anatomy leads to the conclusion that the image quality of ocular MRI at 3 Tesla remains acceptable by applying the head coil as a receiver coil.
Key Points:
▶ The smaller the coil and the closer to the object the higher the signal-to-noise ratio is.
▶ In ocular MRI, the influence of the coil on image quality is greater than the influence of the magnetic field strength.
▶ In ocular MRI, 3 Tesla can result in an acceptable image quality by using the head coil. 
Introduction

!
Magnetic resonance imaging (MRI) is the method of choice for the radiological imaging of the eye and has replaced computed tomography (CT) in many instances. In particular, the excellent soft tissue contrast and the absence of radiation exposure for the lenses, which are highly sensitive to X-ray radiation, are strong arguments for using ocular MRI [1 -3]. CT of the eye and orbits, however, can play a major role in detecting foreign objects (glass particles [4] [10] , 1996 (5 cm and 4 cm) [11, 12] and 2008 (4.7 cm) [13] . In recent years, 3-Tesla MRI scanners have seen increased use in clinical practice. The advantage of the higher field strength has been demonstrated, for instance, in neuroradiological and uroradiological examinations as well as in examinations of the joints [14 -18] . In the case of ocular MRI as well, initial studies at higher field strength (3 Tesla) showed a higher SNR [19] . However, the higher susceptibility to artifacts due to eye movement would appear to offset this advantage [20] . In addition to limited availability, the substantial effort required for precisely positioning and fixing the small loop coils represents a significant limitation of these surface coils in practice. The increasing use of 3-Tesla MRI equipment begs the question whether small loop surface coils continue to be necessary or whether an acceptable image quality can be achieved at 3 Tesla using the significantly more manageable head coil.
To our knowledge, no studies to date have systematically examined the influence of field strength and receiver coil on the image quality of ocular MRI. The goal of this study was to ascertain the influence of field strength and receiver coil on ocular MRI using phantom measurements and patient examinations.
Material and methods
!
Phantom study MRI data acquisition and coils used
The orbits of an artificial model of an average sized human skull were filled with Vaseline to simulate orbital fat. Porcine eyes are frequently used as ex-vivo models for ophthalmological studies on cataracts, glaucoma and the retina [21] . Two fresh porcine eyes (origin: specialized butcher shop, Germany) were therefore inserted into the orbital fat of the model skull ( • " Fig. 1 ). The small loop surface coils and the multi-channel head coil were placed on the phantom as described below in the usual manner employed for MRI examinations in patients. A 1.5-Tesla MRT system with a maximum gradient amplitude of 33 mT/m and a maximum slew rate of 125 mT/m/ ms (MAGNETOM Aera, Siemens Health Care, Erlangen) and 3-Tesla MRT system with a maximum gradient amplitude of 45 mT/m and a maximum slew rate of 200 m/T/m/ms (MAGNETOM Skyra, Siemens Health Care, Erlangen) were on hand for the examination.
Rausch-Verhältnis (SNR) bei 3 Tesla mit der 4 cm-Oberflächen-ringspule. Sowohl bei den Phantommessungen als auch bei den Patientenuntersuchungen ergab die Verwendung einer 7 cmOberflächenringspule bei 1,5 Tesla ein höheres SNR als die Verwendung der Kopfspule bei 3 Tesla. Hinsichtlich der anatomischen Detailerkennbarkeit konnten jedoch keine signifikanten Unterschiede festgestellt werden. Schlussfolgerung: Unsere Ergebnisse zeigen, dass bei der MRT des Auges der Einfluss der verwendeten Spule auf die Bildqualität (ausgedrückt als SNR) höher ist als der Einfluss der Feldstärke. Die konstante anatomische Detailerkennbarkeit lässt jedoch den Rückschluss zu, dass die Bildqualität der MRT des Auges bei 3 Tesla auch unter Verwendung der Kopfspule als Empfangsspule zu akzeptablen Ergebnissen führt. 
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Following the completion of a planning scan, a T2-weighted sequence was performed with acquisition parameters that were nearly identical at 1.5 and 3 Tesla: Repetition time (TR) 3000 ms, echo time (TE) 68 ms (1.5 Tesla) and 65 ms (3 Tesla), matrix 512 × 269, field of view (FOV) 60 × 80 mm, slice thickness (ST) 1.5 mm, 1 averaging (NEX), bandwidth (BW) 130 Hz/pixel (1.5 Tesla) and 220 Hz/pixel (3 Tesla). The sequence was acquired twice consecutively and identically to facilitate measuring the noise using a subtraction image (subtraction method [22] ). In total 5 slices were acquired. The following receiver coils were available for both 1. 
Quantitative image evaluation
The signal-to-noise ratio (SNR) was ascertained for each measurement as follows: Two ROIs measuring 0.33 cm 2 were placed in the vitreous body of the porcine eye. Three additional ROIs of the same size were placed in the Vaseline-filled orbits. Signal intensity (SI) was ascertained for each ROI, and the distances between the ROIs and the surface (coil) were documented. Noise was measured analogically on the subtraction images. The SNR was computed for each ROI using the following formula: SNR = average SI/ standard deviation of the noise. Finally, an average was calculated for all five ROIs.
Patient study MRI data acquisition and coils used
Twenty patients between the ages of 33 and 69 (13 males, average age of 57.3 and 7 females, average age of 52.1) were consecutively included in the study after being referred to the ophthalmological clinic. The prerequisite for inclusion was the written declaration of consent to participate in the prospective study approved by the ethics committee. Each patient was examined using the 1.5 Tesla MRI system described above with 7-cm surface loop coil and then using the 3 Tesla MRI system with the 20-channel head coil during the same session. This study protocol (7 cm loop surface coil at 1.5 Tesla and head coil at 3 Tesla) was 
Quantitative analysis
The non-contrast enhanced T1-weighted TSE sequence was used to compute SNR. Two ROIs measuring 0.6 cm 2 were placed in the vitreous body. The SI was ascertained for each ROI and the distances between the ROIs and surface (coil) were documented. The SI of both ROIs was averaged. An additional ROI was placed in frequency encoding direction in the surrounding air outside the vitreous body to ascertain noise. The SNR was computed using the formula SNR = average SI/standard deviation of the noise. Finally, an average was calculated from the SNRs (vitreous body) of the examined patients.
Qualitative analysis
The subjective image quality was assessed based on the degree of visibility of anatomical structures. Two radiologists experienced in imaging the eyes unanimously issued the following statements based on a 4-point Likert scale (agree = 1 / agree somewhat = 2 / disagree somewhat = 3 / disagree = 4): 
Statistics
The quantitative SNR measurements as well as the results of the qualitative analysis were tested for statistically significant differences using the non-parametric Wilcoxonsigned-rank test. Significance was set at 5 %. 
Results
!
Phantom study
Analysis of phantom image data showed maximum SNR (13.1) at 3 Tesla with the smallest loop surface coil (4 cm). As expected, the lowest SNR (2.3) was achieved at 1.5 Tesla with the head coil. Using a 7 cm loop surface coil at 1.5 Tesla yielded a higher SNR (5.8) than using the head coil as receiver coil at 3 Tesla (3.2). While a relative difference in SNR between superficial and deep regions was observed when the small loop surface coils were used, the SNR remained constant over the entire orbits when the head coil was used. Overall, SNR of the deep regions was found to be relatively unaffected by field strength and coil ( • " Fig. 2 ). The computed SNRs are summarized in • " Table 2 .
• " Fig. 3 shows the porcine eye with the small loop surface coil (4 cm and 7 cm) and the head coil being used as well as at different field strengths (1.5 and 3 Tesla).
Patient study
Ocular MRI was performed on 19 patients with uveal melanoma that had already been detected by an ophthalmoscope. In the case of one patient, ocular MRI was performed to further clarify a slowly progressing exophthalmos. A large orbital hemangioma was found to be the cause of the exophthalmos, and the optic nerve sheath could not be evaluated due to the compression resulting from the space occupation. One patient's uveal melanoma was found to be hemorrhaging. The susceptibility artifacts caused by blood breakdown products make it impossible to measure the SI in the vitreous body. In one patient, the vitreous body had been replaced with oil, so that the SI thereof could not be ascertained. The qualitative evaluation of 19 patients with uveal melanoma (optic nerve sheath in 18 patients) with regard to the visibility of anatomical details (ciliary body, optic nerve sheath differentiability between sclera and choroid) yielded no significant differences (p > 0.05) ( • " Table 3 ) when using Fig. 2 The SNR in the superficial ROIs decreases by increasing coil size and lower field strength. The SNR in deep regions remained relatively constant using various coils and a different field strength. Table 3 ).
• " Fig. 4 shows an example of a patient with the 7 cm loop surface coil being used at 1.5 Tesla and the 20-channel head coil being used at 3 Tesla. The quantitative evaluation of all usable image data sets (n = 18) showed that there was a significantly (p < 0.05) higher SNR (20.1) when a 7 cm loop surface coil was used than when the head coil was used as receiver coil at 3 Tesla (12.8).
Discussion
!
A high SNR can be invested in a high spatial resolution and is thus generally used as a criterion for image quality [22] . In this study, the SNR for ocular MRI was systematically examined using loop surface coils and multi-channel head coils as well as different field strengths. In purely physical terms, magnetization increases linearly with field strength. Because the relaxation times also increase with field strength and the greater chemical shift, if any, requires higher bandwidths, the SNR benefits are lower depending on the sequence used [24] . Fig. 3 MRI of the swine eye using the small surface ring coil of 4 cm in diameter (left), 7 cm in diameter (center) and the head coil (right) and at different field strengths: 1.5 Tesla (top) and 3 Tesla (below).
Tab. 3 Qualitative analysis of image data sets of 19 patients (concerning the optic nerve sheath of 18 patients) using a Likert-scale (agree = 1/agree somewhat = 2/somewhat disagree = 3/disagree = 4) by two experienced radiologists in consensus.
1.5 Tesla/7 cm coil 3 Tesla/head coil average average p-value the ciliary body is clearly visible in the T2-weighted sequence.
1.6 1.7 0.49 the optic nerve sheath is clearly visible in the T2-weighted sequence.
1.7 1.6 0.608 the sclera and choroid are clearly differentiated in the T1-weighted sequence. The results of the phantom measurement show that coil selection has a greater influence on SNR than field strength in the superficial regions. While the SNR in the superficial region is most strongly influenced by coil size and field strength, SNR in deep regions remains relatively constant when different coils and field strengths are used. These results have an influence on coil selection according to clinical objective. If a pathological process is expected in the anterior region of the orbit, then it is advisable to use a small surface coil. If, however, the pathology is expected in the posterior orbit, then optimal image quality can be achieved using the head coil. The SNR of the superficial regions (11.0) ascertained with the phantom when using the 7 cm loop surface coil at 1.5 Tesla was 2.5 times higher than the SNR (4.4) ascertained when using the head coil at 3 Tesla. Among the results yielded from the patient measurements, this difference factor was 1.6 (average SNR 1.5 Tesla/7 cm loop surface coil = 20.1 versus 3 Tesla/head coil = 12.9). It is possible that the small size of the phantom (and thus lower coil proton load) resulted in a proportionally lower SNR than could have actually been achieved with the head coil, since the head coil is optimized for the measurement of an entire head (and thus a higher coil load). To keep the differences in the positioning of the loop surface coils as potential influencing factors to an absolute minimum, the 7 cm loop surface coil was used instead of the 4 cm coil, since the latter has an even significantly smaller field of measurement, thus making the positioning thereof more critical. However, the results of the patient examinations demonstrated that in terms of the detectability of anatomical details (ciliary body, optic nerve sheath, differentiability between sclera and choroid), there were no significant differences between using the 7 cm loop surface coil at 1.5 Tesla and using the head coil at 3 Tesla. For practical considerations, however, the head coil is significantly more manageable and easier to use. The smaller loop surface coils, in contrast, must be fixed onto the patient's face, which is tolerated to varying degrees. Slippage of loop surface coils during measurement must absolutely be avoided, since even minimal malpositioning significantly changes regional illumination and SNR is reduced in the non-optimally illuminated regions. Achieving acceptable image quality using the head coil exclusively should thus be regarded as desirable. Those ocular movements that are difficult to arbitrarily influence and the resulting artifacts they produce play an additional significant role in the imaging of the eye. To minimize eye movement, the 19 patients with uveal melanoma received retro-/ peribulbar anesthesia briefly before undergoing ocular MRI. The patient with the orbital hemangioma did not receive anesthesia given the risk of perforating the space occupation. The literature, however, also discusses less invasive approaches such as the arbitrary fixing of a point while using very brief sequences [25] as well as inserting pauses within the sequences specifically designed for imaging the eye [26] . In this study performed primarily with retro-/peribulbar anesthesia, no significantly stronger artifacts were observed at 3 Tesla compared to 1.5 Tesla. Several articles have already dealt with imaging the eyes at higher field strengths [19, 20] . The excellent image quality of MR-microscopy at a field strength of 7.1 Tesla was introduced in ex-vivo examinations of human eyes as well as in in-vivo examinations on animals [27] . To date there have been in vivo examinations of the eye at 7 Tesla [28, 29] . Because, however, only a small number of clinical 7 Tesla fullbody MRI system are currently in operation, ocular imaging must be performed at lower field strength at most centers. The higher susceptibility artifacts expected at higher field strength were not demonstrated in our examinations with regard to the subjectively evaluated image quality. The interpretation of our results faces certain limitations:
In our phantom study T2-weighted sequences were used because the anatomy of the eye has better visibility in T2-weighting, facilitating a more exact localization of ROI. The T1-weighted sequences selected in our patient study play, however, an important role in routine clinical practice. While the influence of contrast agent on image quality in T1-weighted sequences was not examined in our study, it is important when investigating tumor growth (e. g. extraocular growth).
In our patient study, we strove to keep the sequence parameters for the measurements performed at 1.5 and 3 Tesla as comparable as possible. While spatial resolution was kept identical for the sequences (FOV, matrix, slice thickness), TR, TE and bandwidth were adapted to the particular field strength. In particular, TR had to be extended at 3 Tesla due to the higher specific absorption rate (SAR). These differences in TR, TE and bandwidth at different field strengths have an influence on image quality and may thus also have an influence on SNR in our study. Our study also assessed the visibility of details in fine anatomic structures, yet not the visibility of pathological structure (e. g. extraocular tumor growth, etc.). Furthermore, only the image quality of the 7 cm loop surface coil at 1.5 Tesla and the head coil at 3 Tesla was examined using actual patients. Other coil/field strength combinations were observed only in the phantom and not on the patient cohort. The results of our studies have only limited applicability to children given the smaller anatomy.
Conclusion
!
Our results show that the loop surface coil has a greater influence than field strength on image quality (expressed as SNR) in ocular MRI. However, this improvement in SNR facilitated by the small loop surface coil is observed only for the anterior structures of the eye (e. g. ciliary body). The constant visibility of anatomical detail leads, however, to the conclusion that the image quality of ocular MRI at 3 Tesla yields acceptable results even when only the head coil is used as receiver coil.
